INTRODUCTION
During ultrasonic inspection for flaws in engineering materials, it is important to understand the interactions between the inspecting beam and the microstructure in which flaws are embedded. It has been found that in certain materials such interactions can have dramatic effects on the characteristics of the beam as it propagates to and from a flaw and consequently can have deleterious effects on both flaw characterization and the probability of detection. It is weil known that, the microstructure can backscatter energy, creating noise which can mask small flaws. In addition, a flaw signal can be attenuated by the removal of energy from the beam by absorption and scattering. Considerable progress has been made towards developing a theoretical understanding of these phenomena. For example, backscattered grain noise has been successfully modeled by Han and Thompson [1] for duplex microstructures that commonly occur in Ti-17 and Ti-6Al-4V alloys used in the rotating components of aircraft engines. In addition, attenuation has been modeled for randomly oriented, equiaxed, cubic microstructures [2] , for textured, equiaxed, cubic, stainless-steel [3] , and also for elongated textured microstructures [ 4] .
In addition to the above dassie effects of attenuation and backscattering that microstructure has on an inspecting beam, we have observed a number of additional unusual phenomena, including significant fluctuations of the amplitude and phase of back-surface echoes and of the amplitude of pulse echo signals from norninally identical flaws [5] . Physically it is believed that these unusual phenomena stem from the interaction of the insonifying beam with local regions of varying velocity, which causes the propagating wavefront to deve1op phase distortions, and thus a signal appears to be attenuated upon reception by a piezoelectric transducer. While the phase distortions can produce a diminutive back-surface signal, relatively little energy was removed from the insonifying beam [6] .
Phase aberrations have been previously discussed in the Iiterature [7] but have not been successfully modeled for the complex microstructures which commonly occur in today's engineering alloys. For example, Margetan et. al. [8] used the velocity fluctuation picture to model attenuation in a specially prepared Ti-64 plate containing !arge grains. These had an unusually !arge average diameter of about a centimeter and often extended through the thickness of the 0.635 cm plate. Using a ray model in which energy propagated along straight line rays traveling with an average velocity that varied as a function of transverse position, they successfully related attenuation from back surface echoes to measured ray velocities for the special microstructure in the plate. However, that model cannot be practically applied to the complicated microstructures that occur in common engineering alloys because the spatial distribution of average ray velocities through a specimen is not generally known, due to the smaller and three dimensional nature of those microstructures. This Iack of an adequate theory for phase aberrations in polycrystalline materials motivates our studies. In addition, we speculate that isolating the phase aberration contribution to attenuation can be an important tool in characterizing the macrostructure in meta! alloys. thermomechanical treatment as these alloys are forged into a billet shape during processing. In addition we will give a physical interpretation of possible phenomena which cause the aberrations, explain some of the important features observed in the data, outline the beginnings of our theoretical treatment, and provide direction for future theoretical development.
In the sections which follow we will present attenuation measurements as a function of frequency. These are of interest for the following reasons: I) since some ultrasonic measurements are sensitive to the phase of the received signal, phase aberrations can have a dramatic effect on the measured value of attenuation (both amplitude and uncertainty); 2) attenuation serves as an input to models which estimate the noise generating capacity of materials and which predict flaw response, and 3) attenuation is used to adjust distance-gain settings during flaw inspection. Therefore, incorrect determination of attenuation can have detrimental effects on model predictions of flaws, can Iead to errors in the experimental determination of the magnitude of a flaw response and thus in flaw characterization. Moreover, the phase fluctuations which cause an uncertainty in attenuation can also cause a broadening of the probability of detection curves. In the related field of medical ultrasound, the phase aberrations also affect tissue characterization when insonifying beams propagate through structures which have oriented tissues such as muscle fibers of the heart, ehest wall and tendons [9] . Therefore a complete theoretical understanding is of interest to several scientific communities including the NDE, the medical imaging, and the material science communities.
MICROSTRUCTURE AND PROCESSING OF TITANruM SAMPLES
The samples used in this study were removed from cylindrical billets of the aircraft engine alloys Ti-17 and Ti-6Al-4V. Typical sample dimensions were 7.6 x 7.6 x 7.6 cm3. Thermomechanical working above the beta transus, 900°C and 1000°C for Ti-17 and Ti-64 respectively, and in the alpha + beta region, resulted in complicated, dup1ex, anisotropic microstructures and macrostructures. In this section we will first discuss the microstructure and macrostructure of Ti-17, followed by that of Ti-64.
The microstructure and macrostructure of the Ti-17 samp1e used in this work are shown in Fig. 1 for cross-sections perpendicular to the axial and radial directions of the billet. The macrostructure formed during solidification and subsequent thermomechanical processing produced a set of macrograins elongated along the billet axis. In Fig.1 it can be seen that the microstructure has a dimension scale of micrometers, while the macrostructure has a dimension scale of millimeters. The macrograins appear as light and dark vertical bands in the metallograph viewed in the radial direction, and are elongated along the billet axis, (Fig.  1b) . When viewed along the axial direction (Fig lc) the macrostructure is approximately equiaxed. It is assumed these macrograins are related to prior beta grains which existed above the beta transus [10] .
The scale of the microstructure of the Ti-64 sample (Fig. 2a) is similar to the Ti-17 sample, with TI-64 having slightly !arger grains. However the macrostructure is slightly different in several important ways. First, while the grains are elongated along the billet axis, as in Ti-17 they are not as uniformly aligned, and are shorter than the Ti-17 macrograins as can be seen by comparing by comparing Fig. l band Fig. 2b . In addition, the interface between the elongated grains is not as "smooth" as in Ti-17. When viewed in the axial direction, Fig. 2c , the Ti-64 macrograins are approximately the same size but are not as equiaxed as the Ti-17 macrograins. The existence of jagged interfaces implies that the macrograin boundaries, in Ti-64, have the potential to scatter more energy out of the beam relative to Ti-17. It is important to note that the length scale of the microstructure is smaller than a wavelength of the ultrasonic beam ( -600!J.m at 10 MHz). Based on previous work of Han and Thompson [ 1] , this implies only a weak contribution from the microstructure to back scattering. Therefore, it seems reasonable that there will be a weak contribution from the microstructure to attenuation, although explicit proof is needed. 
EXPERIMENTALMETHODS FORMEASURING ATTENUATION
To assess the importance of wavefront distortion, attenuation was inferred from two different measurements: (1) using a traditional pulse-echo technique; and (2) deducing the energy transrnitted through the sample, by mapping the ernerging sonic beam. The details of the experimental setups may be found in reference [6] , and therefore, only abrief overview will be given here.
First, attenuation was deterrnined in the traditional ultrasonic manner from the amplitude of a back-surface echo observed in a pulse echo (PIE) setup, as compared to a back-surface echo in a fused quartz specimen. The measurements were made with the following 10 MHz broadband transducers: a 0.635 cm diameter planar transducer; a 1.27 cm diameter planar transducer; and a 1.9 cm diameter focused transducer, with a focallength of 30.5 cm in water. Multiple attenuation measurements were made as e,ach transducer was scanned above the surface of the sample at a fixed water path of 2 cm for the planar transducers and 0.4 cm for the focused transducer, the latter distance chosen to position the focal zone on the back-surface of the titanium specimens. Typically a 3.8 x 3.8 cm2 regionwas scanned, taking data at441locations with a step sizes ranging from 0.2 to 0.3 cm. At each location an FFT was perforrned on the received BS echo, and compared to the FFT of the fused quartz reference echo. The attenuation as a function of frequency, a(f), was calculated at each location from the following equation and averaged over all transducer positions, assuming the attenuation of fused quartz was negligible.
(1)
T and Rare the usual plane-wave transmission and reflection coefficients with "0" designating water and "1" designating the titanium alloy. D(f) is the Lommel diffraction correction [ 11], a(f) is the attenuation coefficient, and z is the thickness of the titanium alloy. By comparison with the BS echo from fused quartz, whose strength is govemed by a similar equation the transducer efficiency, ß(f) was eliminated. This measurement of attenuation is sensitive to variations in the phase over the cross-section of the beam diameter. Thus, the measured average attenuation includes Iosses due to absorption, scattering, and the wavefront distortion caused by the macrostructure.
Second, we inferred attenuation from the rate of decay of the energy transmitted through the sample; the energy being inferred from cross-sectional maps of the transmitted beam made by scanning a "point" probe, with a nominal diameter of 0.0254 cm, through the beam, for a stationary transmitter location. The motivation for perforrning this measurement was to deterrnine the contribution to attenuation from those mechanisms which remove energy from the uhrasonie beam (absorption and scattering). In contrast with the PIE measurement, this measurement is relatively insensitive to phase fluctuations across the transmitted beam diameter, because the "point" probe samples only a small region over which we assume the phase tobe slowly varying (which is appropriate for a transducer with a diameter < f.. in the titanium alloys) . By integrating the magnitude of the energy density (proportional to the square of the received signal) over the cross-section of the beam and comparing with a fused quartz reference signal, we obtain an attenuation which is a function of absorption and scattering and includes only a minimal contribution from wave front distortion. Attenuation inferred from the transmitted energy is not sensitive to the wavefront distortion, because the latter does not constitute an energy loss. Thus, the presence of wavefront distortion will manifest itself by increasing the attenuation deduced from the pulse echo measurement relative to the transmitted energy measurement. The transmitters were the same transducers used for the PIE measurements at the same water paths, with the pointprobe as a receiver scanned at a 0.38 cm water path. The point probe was scanned over a 3.175 x 3.175 cm2 region taking data at 2601 locations with a step size of 0.0635 cm, allowing the amplitude and phase of the ernerging beam to be mapped as a function of position. The Fig. 3 and Fig. 4 respectively. The response from fused quartz is shown for comparison with a distortion free material. Strong evidence of severe phase aberrations in the beam as it propagated through these titanium alloys can be seen in the phase maps shown in Fig. 3 compared with propagation through fused quartz. For comparison, each amplitude C-scan in Fig. 4 has been scaled to the same maximum value to better show the details of the distortion. To obtain comparable numerical values for the amplitudes, the C-scan data was normalized to ensure the scale goes from zero to one, wilh one being the observed maximum for fused quartz, in the following manner. The raw signals received from the titanium alloy were multiplied by lhe ralio of the Iransmission coefficienls for transmission through fused quartz to the Iransmission coefficients for transmission through lhe titanium alloy. The result was then divided by the maximum signal observed from fused quartz. The signals from the fused quartz data were simply divided by the maximum signal observed from fused quartz. After normalization, the maximum scaled signals from Ti-17 for axial and radial propagation were 43% and 75%, respeclively, of the scaled signal from fused quartz. Even though the axial and radial directions have peak amplitudes that differ by almost a factor of two, the energy calculation produces nearly the same attenuation for each propagation direction (as will be shown in the following section) indicating that the beams contain approximately the same amount of energy. These beam maps of a focused transducer contrast with previous work on Ti-17 with a planar transducer in reference [6] , where the scaled maximum signal for Ti-17 was I arger or smaller than fused quartz, depending on the propagation direction and location of the transmitter. The maximum signals from Ti-64 were lower than Ti-17, 14% and 29% of the maximum fused quartz signal, for the axial and radial directions respectively. These results indicate that the macrostructure of Ti-64 scatters and absorbs more energy from an uhrasonie beam than the macrostructure of Ti-17.
There are several significant features apparent in the C-scans of the beams ernerging from the titanium alloys. First, both the amplitude and phase of the beam were severely distorted as it traversed either of the titanium alloys relative to fused quartz, indicating that the macrostructures of the titanium alloys severely distort the ultrasonic wavefronts. It is interesting to note that propagation through Ti-64 evidently produces more amplitude and phase distortion than through Ti-17 in both the axial and radial directions. Secondly, it is important to note the anisotropy of the amplitude and phase distortions in the both Ti-17 and Ti-64. Specifically, propagation in the axial direction produces a higher degree of distortion in both the amplitude and the phaserelative to the radial direction.
The severe phase aberrations seen in the above phase and amplitude maps produce significant distortion and diminution ofBS waveforrns which can be seen in previously reported data [6] which we reproduced in 0.4 r------------. There are two important features that the PIE measurements of attenuation reveal. One is the anisotropy that exists in PIE attenuation in both Ti-17 and Ti-64, as shown in Figs. 7a and b respective1y, where average attenuation is plotted as a function of frequency for the 1.9 cm focused transducer (filled triangles) the 1.27 cm diameter planar transducer (unfilled circles), and the 0.635 cm diameter planar transducer (unfilled diamonds). In both alloys, the attenuation is largest in the axial direction for all transducers, with the radial direction having a Iower value. One interpretation for this difference would be a greater energy loss for axial propagation. However, based in previous work with Ti-17 [6] this interpretation was not supported by comparison with beam mapping measurements, and this anisotropy was found to be due to the higher degree of wavefront distortion that occurs as the beam propagates along the axis of the macrograins, resulting in a smaller electrical signal when the reflected beam is averaged over the face of the piezoelectric transducer.
Secondly, the PIE attenuation of Ti-64 was found to be !arger than that of Ti-17 for both propagation directions as seen in Fig. 6 . Significant signal tluctuations from position to position were seen in all measurement directions for all three transducers, both alloys, as exemplified by the error bars on the axial and radial data from the focused transducer, which represent the standard deviation of the 441 measurements from the mean attenuation. The small error bars at low frequency for data taken with the focused transducer contrast with the )arger error bars at low frequency for data taken with the planar transducer in reference 6. The attenuation data in Fig. 6 also show a weaker dependence on beam diameter and transducer focal characteristics than reported earlier [6, 8] .
Attenuation calculated as a function offrequency from the transmitted energy, is plotted in Fig. 7a and b , for the axial and radial propagation in Ti-17 and Ti-64 respectively. It is significant that the deduced attenuation in Ti-17 is approximately the same for both the axial and radial directions, even though their macrostructures Iook significantly different as shown in Fig. 1b and c . As in previous measurements with unfocused transducers, this indicates that there is no significant difference in rate of energy loss between the two propagation directions. These results imply the !arge attenuation observed for axial propagation by the PIE method was artificially raised due to distortion of the focused and unfocused beams as they traversed the macrostructure. The results in Ti-64 are quite different as can be seen in Fig. 7b . First the attenuation calculated from the rate of energy Ioss did not decrease to the same value as in Ti-17, indicating that the macrostructure in Ti-64 scatters or absorbs a significant quantity of energy out of the sonic beam in contrast with Ti-17. In addition, the attenuation for axial and radial propagation in Ti-64 was still anisotropic, indicating that both absorption and scattering remove energy from the propagating beam in a manner that is significantly influenced by both the microstructure and macrostructure.
Notably, an increase in the slope of attenuation above 10 MHz indicates the potential presence of a strong scatterer with a diameter on the order of ' A = 0.06 cm. Review of the macrostructure in Figs. 1 and 2 indicate that there are some grains having size on the order of 0.05 cm and therefore, these macrograins can potentially serve as strong scatterers, removing a significant amount of energy from the beam. It is important to note that the increase in the slope of the attenuation versus frequency seen in the Iransmitted energy data could not be resolved in the pulse echo data, due to a !arge contribution to attenuation from the wavefront distortion. This increase of attenuation at wavelengths near the grain size points toward attenuation measurements serving as a macrostructural characterization tool. To solidify this speculation more data needs to be taken and appropriate models need to be developed.
THEORETICALCONSIDERATIONS
Theoretical treatment of attenuation in polycrystalline materials has been previously treated by a number of workers over the years including [7, 12, 13] . These models typically apply to polycrystalline materials which are isotropic and equiaxed and the models are valid over a limited frequency range. In an attempt to describe our experimental observations, we have chosen to consider two recently developed theories. The first, by Stanke and Kino [2] , uses the 2nd order Kellerapproximation [14] to model attenuation due to scatter-)ng in a generat medium and has been applied to the specific case of an untextured, equiaxed, cubic material and also for textured, equiaxed [3] and textured, elongated materials [4] . In the theory ofStanke and Kino, the attenuation is related to the rate of decay of the mean field, and hence, is a parameter independent of Iransducer characteristics. The second theory, proposed by R. ,B. Thompson [15] , uses the Bornapproximation to model the fluctuations in back surface signals which develop as an ultrasonic beam propagates through a generat polycrystalline material. This approach is motivated by the success of similar approximations on predicting the absolute Ievel of backscattered signals. In contrast to the theory of Stanke and Kino, the beam profile explicitly enters the calculation. These theories can be applied to textured and anisotropic materials, and are potentially valid for a wide range of frequencies. They thus serve as natural starting points for describing the phase aberrations that develop as an ultrasonic beam traverses the complicated anisotropic, duplex microstructures that occur in aircraft engine titanium alloys. The approach we have currently undertaken is incomplete but it's relationship to the data and theories are worth considering.
Thus far we have applied the formulation of Thompson, where the fluctuations produced in the PIE measurement were modeled using the Born approximation (weak scattering), assuming single scattering formalism. This model is based on Auld's reciprocity relationship [16] and predicts that the average of the square of the flaw signal variance is given by the following volume integral. In eqn. (3), p(r,00 0 ) represents the incident field and q(r,oo 0 ) represents the field reflected from the flaw in the absence of microstructure. The microstructure enters in to the calculation via the two point correlation in velocity fluctuations, llv· Foramore precise definition of these terms and the detailed form of the prefactor, A, the reader is referred to eqn (12) ofreference 15.
During the development of equation (2), the Bornapproximation was used and implies <dr> = 0, Unfortunately, comparison to experiment shows < dr > '# 0, indicating that the Born approximation is not valid for the phenomena governing the wave front distortion. This result was not surprising since it is weil known that the Born approximation does not work weil for forward scattering. However, the Born approximation has been found to provide an excellent description of back scattering [ 17] . To diagnose the nature of the problem, we considered a simple one dimensional model of a grain, represented by a Iayer of different elastic properties and density. It was found that the Born approximation does not adequately account for the additional phases that accumulate due to propagation through a !arge grain or due to multiple scattering from grains of varying sonic properties. Accounting for such effects may potentially be accomplished with the theory developed by Stanke and Kino, which accounts for some Ievel of multiple scattering.
CONCLUSIONS AND FUTURE WORK
The primary result of this work is the demonstration that both the scattering and absorption of the energy, as observed with both focused and unfocused ultrasonic beams in Ti-64 billets, are anisotropic. This anisotropic behavior is contrasted with the behavior of Ti-17 where scattering and absorption of energy were found to be much smaller and isotropic as observed with both focused and unfocused beams. In Ti-64, in addition to the contributions from the nearly isotropic microstructure there is evidently a contribution to scattering and absorption from the anisotropic macrostructure, thus producing an energy attenuation that is anisotropic. In both titanium alloys, the PIE attenuation primarily arises from from phase distortions caused by the macrograins. The PIE attenuation is !arger than the energy attenuation, and like the macrostructure, is highly anisotropic. In addition we have shown that the macrostructure present in Ti-64 billets removed more energy from the beam than in Ti-17, presumably due to the smaller macrograins andjagged grain boundaries. We have suggested that measuring both ultrasonic PIE and energy attenuation provides a useful tool for characterizing the macrostructure in Ti-17 and Ti-64 billet specimens by separating the energy removing mechanisms from the phase distortion mechanisms. Currently work is being undertaken to produce a theory to correctly account for the significant phase differences and multiple scattering events that occur in these titanium alloys, which produce the phase aberrations wavefront distortions.
